This study was undertaken to attempt to achieve a better balance between zirconia coating properties and high-temperature performance by combining the characteristics of coatings obtained from a microand a nanostructured feedstock having the same YSZ composition. First, two single-layer coatings were obtained as reference coatings, using the micro-and the nanostructured feedstock, respectively. Four different composite coatings were then obtained by combining these two feedstocks. Two double-layer (multilayer) YSZ coatings were prepared by depositing the microstructured feedstock on the nanostructured layer and vice versa, while two coatings with different particle size gradients (graded coatings) were prepared by depositing various mixtures of the micro-and the nanostructured feedstock in alternate layers. The microstructure and hardness of the resulting coatings were determined. In the multilayer coatings, each layer exhibited a clearly different microstructure, whereas in the graded coatings the microstructural characteristics changed gradually. Coating hardness developed analogously, each layer displaying a marked change in hardness in the multilayer coatings in contrast to a gradual change in the graded coatings. The microstructure and hardness of the individual layers were thus quite well preserved in the developed composite coatings.
Introduction
Plasma-sprayed thermal barrier coatings (TBCs) are traditionally applied to gas turbine engines blades and vanes to reduce their operating temperatures and increase component durability. The state-of-the-art TBC system consists of a duplex coating made up of a thermally insulating yttria-stabilized zirconia YSZ top coat applied over an oxidation-resistant MCrAlY (M = Ni and/or Co) bond coat (Ref 1, 2) . Nanostructured coatings have been extensively studied in the last decade, and thermal spraying is one of the techniques commonly used to obtain such layers. In fact, coatings exhibiting different architectures and interesting properties can be obtained by using nanostructured feedstock in plasma spraying (Ref 3) . However, nanoparticles cannot be directly sprayed because of their low mass and poor flowability. To overcome these problems, the individual nanoparticles need to be reconstituted into spherical micrometer-sized granules. Spray drying a nanoparticle suspension is one of the most widely used agglomeration methods. Often it is followed by thermal treatment of the resulting nanostructured granules to enhance their sinterability (reducing porosity) and cohesive strength. Plasma spray deposition of such agglomerates leads to a two-scale microstructure that basically consists of partially melted agglomerates (nanozones) surrounded by fully melted areas, which act as a binder matrix (Ref 4, 5) .
In view of this microstructure, a well-reported research approach has been developed, aimed at preserving as much as possible the nanostructured character of the agglomerate feedstock without adversely affecting coating adhesion and cohesion. Spray parameters were therefore optimized to achieve conditions (particle temperature and velocity) that resulted in only partial melting of the agglomerates (to avoid complete loss of the nanostructure), albeit with a sufficient degree of melting to ensure effective deposition on the substrate. In addition, depending on the thermal processing, spraying conditions, and feedstock characteristics (agglomerate diameter and porosity), the nanozones in the resulting coating might continue to be porous like the original agglomerate feedstock or be much denser (Ref 4) .
In the case of YSZ coatings for thermal barriers, nanostructured coatings can provide better performance than that of their conventional counterparts (Ref 6) . Controlling the amount of melted and porous partially melted particles embedded in a coating microstructure, enables considerable modification of coating mechanical and thermal response (Ref 7) . In particular, the literature reports that the non-melted nanostructured zones present in YSZ coatings obtained by atmospheric plasma spraying (APS) decrease the thermal conductivity and increase the thermal shock resistance of thermal barriers (Ref 4) compared to the same properties of coatings obtained from conventional, micrometer-sized powders. Nanostructured coatings have also been shown to exhibit improved compliance characteristics (Ref 7, 8) .
However, fundamental questions still remain to be answered on the applicability of nanostructured YSZ coatings as TBCs. These questions are related to sintering effects, which could significantly increase the thermal diffusivity/conductivity and elastic modulus values of these types of coatings in high-temperature environments. Such effects are related to the fine microstructure of nanozones that contain nano/submicron-sized particles and pores (Ref 4, 5) .
The above suggested the interest of exploring the possibility of combining the properties/performance of conventional (microstructured) and nanostructured layers in designing new types of YSZ-based TBCs, using their respective benefits. It was considered that such coatings might be obtained by using two approaches: a doublelayer (multilayer) assembly of micro-and nanostructured layers and a graded assembly, in which the micro-and/or nanostructured feedstock-containing layers could be gradually changed.
A literature review showed extensive use of multilayer and graded layer approaches for TBCs, indicating that such combinations might be key factors in the high performance and durability of TBC systems. Indeed, studies have explored graded layers, combining a bond coat composition and top coat composition (Ref 9); multilayer coatings, combining ceramic oxides other than zirconia (Ref [10] [11] [12] ; and even a graded YSZ top coat with porosity gradient (Ref 13) to obtain the benefits of composite materials. However, the combination of micro-and nanostructured layers as addressed the present study has not been reported. This paper describes an attempt to develop YSZ-based coatings through composite design. Using a micro-and a nanostructured commercial feedstock, two approaches were explored. First, two double-layer coatings were obtained, depositing the micro-on the nanostructured feedstock in the one and performing the deposition in the opposite order in the other. Second, two graded coatings were obtained, progressively depositing micro-to nanostructured feedstock and nano-to microstructured feedstock, respectively. All coatings were microstructurally and mechanically characterized and compared with two single-layer coatings, used as references, obtained using the micro-and the nanostructured feedstock, respectively.
Experimental

Materials
Two commercial feedstock powders for obtaining a conventional and a nanostructured Y 2 O 3 -stabilized ZrO 2 (YSZ) layers were used in this study. The feedstock characteristics provided by the suppliers are given in Table 1 . Granule apparent-specific mass (q granule ) was calculated from powder tapped specific mass, assuming a theoretical packing factor of 0.6, which is characteristic of monosized, spherical particles (Ref 14) .
The crystalline phases in these feedstocks were identified by x-ray diffraction (D8 Advance, Bruker AXS, Germany). In addition, a field-emission scanning electron microscope (QUANTA 200FEG, FEI Company, USA) was used to analyze feedstock microstructure.
Coating Deposition
The YSZ layers of the two feedstocks (a conventional and a nanostructured powder) were deposited onto stainless steel (AISI 304) substrates by an atmospheric plasma spray (APS) system. The system consisted of a gun (F4-MB, Sulzer Metco, Germany) operated by an industrial robot (IRB 1400, ABB, Switzerland). Before spraying, the substrate was grit-blasted with corundum at a pressure of 4.2 bar and cleaned with ethanol to remove any remaining dust or grease from the surface. A bond coat (AMDRY 997, Sulzer Metco, Germany) was used to enhance the adhesion between the substrate and the ceramic layers. Bond coat composition was Ni-23Co-20Cr-9Al-4.2Ta-0.6Y (mass fraction, %). Deposition was performed using argon and hydrogen as plasma-forming gases. The main spraying parameters are listed in Table 2 .
Two independent feed systems (one for each powder), with their respective circuits, were used to obtain the multilayer and the graded coatings. The two powders were thus injected into the plasma plume via two different nozzles arranged radially around the torch. To assure adequate powder flow through each feed system, 3 standard liter per minute (slpm) of argon flow was used. The multilayer coatings were obtained by first applying five passes of one feedstock (starting one feed system after stopping the other) and then applying five passes of the other feedstock (stopping the first feed system and starting the other). Two types of multilayer coating (M1 and M2) were prepared as detailed in Table 3 . The M1 coating was obtained by first depositing the conventional and then the nanostructured feedstock. The M2 coating was obtained by depositing the feedstock in the opposite order. The graded coatings were prepared by varying the powder mass flow rate of each feedstock in the feed system while keeping a constant mass flow rate of 45 g/min for the total powder. Two series of graded coatings (G1 and G2) were obtained: in the G1 coating, the bottom layer consisted of a 100% conventional powder deposition and the top layer a 100% nanostructured powder deposition, whereas in G2 the opposite order was used. Five layers were prepared for each series, using the following composition for each feedstock: 100, 75, 50, 25, and 0%. The plasma spraying parameters of the bond coat and YSZ layers are given in Table 2 . Figure 1 schematically illustrates the two graded coatings. The total thickness of each composite coating (both M and G) was about 150 lm.
Coating Characterization
The compositions of the crystalline phases in the coatings were identified by x-ray diffraction (XRD). XRD patterns were obtained of each layer in the M1 and M2 coatings. To obtain the XRD pattern of the bottom layer (the layer on the bond coat), an approximately 100 lm thick layer of the coating was removed to assure the top layer had been eliminated. A field-emission scanning electron microscope (JEOL 7001F, Jeol Ltd., Japan) was used to analyze coating microstructure on the polished cross-section areas. Voids and partially melted areas of the single-layer coatings used as references (obtained from the conventional and the nanostructured feedstock, respectively) were evaluated by image analysis from ten micrographs at 5009 magnification. The average values were then calculated. Vickers microhardness was measured with a LECO M400 microhardness tester (Leco Co., USA), ten indentations being performed on each sample (50 g load for 10 s). These microhardness measurements were made on polished specimens across the entire crosssection. In the case of the M1 and M2 coatings, indentations were performed on each micro-and nanostructured layer, the layers being clearly identifiable in the optical microscope coupled with the microhardness tester. A different approach was used for the G1 and G2 coatings, however, as the layers could not be readily identified. In this case, the total thickness of every graded coating (G1 or G2) was divided into five identical portions, which were then indented as set out above.
Results and Discussion
Feedstock Characterization
FEG-SEM micrographs of the conventional and the nanostructured powder used are shown in Fig. 2 . It can be observed that both powders consisted of spherical granulates of agglomerated particles, whose average size was about 400-800 nm in the conventional powder and 200 nm in the nanostructured powder. This morphology suggests that the powders were obtained by a spray drying process. In addition, as observed in the magnified micrograph, the partially sintered microstructure of the agglomerates in the conventional powder indicates that a thermal treatment was used to suitably reconstitute this powder for thermal spraying. This type of partially sintered granulate feedstock is generally known as HOSP (hollow spherical powder). Information on these two powders is provided elsewhere (Ref 7) . Figure 2 also shows that the nanostructured agglomerates were much more porous than the conventional agglomerates. Indeed, the measured agglomerate specific mass of the conventional and the nanostructured powder was 4500 and 2400 kg/m 3 , respectively. This is of great significance for the subsequent plasma spraying process, as agglomerate porosity can govern the degree of nanoparticle melting during the deposition process. Apart from the powder agglomerate sintering state, the differences in agglomerate structure largely depend on the characteristics of the spray-drying suspensions used to produce the powders. This is because obtaining suspensions with higher solids content becomes much more difficult as the solids particle size in the suspension decreases to the nanometer range (Ref 15, 16 ).
Microstructural Characteristics of the DoubleLayer and the Graded Coatings
Coating microstructure was characterized using FEG-SEM. For the sake of comparison, first, microstructural observation was performed of the single-layer coatings used as references, obtained from the conventional and the nanostructured feedstocks, respectively, under the standard spray conditions set out in Table 2 . shows the corresponding micrographs of these two coatings. Their average thickness was about 150 lm. Both coatings displayed a ''splat-like'' structure formed by flatenned drops or splats, which is typical of thermal spray deposition. Intersplat cracks associated with fast cooling after deposition were evident in both specimens, in particular in the case of the conventional coating. The coating obtained from the nanostructured feedstocks displayed the expected bimodal microstructure, characterized by the presence of partially melted agglomerates that retained the initial nanostructure of the feedstock powders. Such zones are usually known as partially melted areas, and they result from a low degree of melting during spraying. In this study, these areas are referred to as partially melted areas (marked PM in the micrograph). The PM areas were surrounded by a large dense smooth structure of fully (or almost fully) melted splats (marked M in the micrograph). Figure 4 shows higher magnification FEG-SEM micrographs of these partially melted areas in the nanostructured YSZ coatings. The initial nanostructure of the feedstock was largely retained in the partially melted areas, though some sintering and consequent grain growth were observed. Zones resembling the nanostructured feedstock (PM) therefore exhibited a similar structure to that of the feedstock agglomerates (Fig. 2) , displaying an agglomeration of particles loosely bound to each other (Ref 4, 5). The particle size in these areas (about 200 nm) confirmed that they were partially melted feedstock agglomerates. However, partially melted zones were not observed in the conventional coating, despite the fact that the conventional powder agglomerates were made up of larger particles. This was caused by the much higher degree of sintering of the HOSP agglomerates, which gave rise to a dense, uniform microstructure that differed significantly from that of the coating obtained from the highly porous nanostructured agglomerates. This type of two-zone (bimodal) microstructure has been widely reported in the literature with YSZ and other oxide feedstocks (Ref 4, 5) . The amount and porosity of these nanostructured areas largely depend on the thermal processing, spraying conditions, and feedstock characteristics. The total porosity of the coatings, as well as the amount of partially melted areas, was estimated by image analysis at 500 magnifications from SEM pictures following a procedure set out elsewhere (Ref 16) . Figure 5 shows the porosity and partially melted areas found in the two reference single-layer coatings. The porosity data agree with the typical values observed in these types of coatings. As may be observed, the quantified porosity, as well as the amount of partially melted areas for these two individual coatings, agreed well with the inference drawn from the corresponding micrographs in Fig. 3 .
The splat shape modes observed in the coating microstructures obtained from both feedstocks were determined from the spread factor (n), defined as the quotient of droplet diameter (considered the same as the agglomerate diameter) divided by splat diameter (deposited drops which form the coating). These factors were calculated for each feedstock using the Madejski model (Ref 17) , the spread factors being 5.0 and 4.8 for the conventional and for the nanostructured feedstock, respectively. These values indicate that the coatings were made up of flattened splats, as the corresponding micrographs in Fig. 3 show.
The FEG-SEM micrographs of the M1 and M2 coatings are shown in Fig. 6 . A general micrograph is shown for each coating, together with magnified images of two successive portions of the coating cross-section, from the bond coat interface to the top layer surface. The general microstructure of the M1 and M2 coatings can readily identified in their constituent layers by comparing the micrographs of the single-layer conventional and nanostructured coatings in Fig. 3 . The M1 and M2 coatings displayed two clearly distinct areas, defined by the amount of partially melted areas (PM areas in Fig. 3 ), which were in turn directly related to the layer deposited from the nanostructured feedstock. As expected, the PM areas were concentrated in the top layer of the M1 coating, where nanostructured feedstock had been sprayed. In contrast, the M2 coating displayed the opposite microstructure, as the PM areas were located in the layer on the bond coat, where the nanostructured feedstock had been deposited. The change in microstructural characteristics Multilayer coating n-c 100% n 5 100% c 5 G1
Graded coating c-n 100% c 2 75% c/25% n 2 50% c/50% n 2 25% c/75% n 2 100% n 2 G2
Graded coating n-c 100% n 2 25% c/75% n 2 50% c/50% n 2 75% c/25% n 2 0% c 2
The layers were deposited in the order listed in the table. c: conventional feedstock. n: nanostructured feedstock was not gradual: the PM areas only appeared where the nanostructured feedstock had been applied. In addition, large PM areas adversely affected coating microstructural homogeneity, as observed in the top layer of the M1 coating and at the interface of the conventional top layer and the nanostructured bottom layer in the M2 coating. Consequently, from a microstructural point of view, the combination used in the M2 coating appeared inappropriate in terms of coating integrity. Figure 7 shows a similar set of micrographs for graded coatings G1 and G2. In this case, to better observe the microstructural changes, five micrographs are shown for each coating. Again, the amount of PM areas can be used as trace feature to analyze the microstructure of these coatings. In the G1 coating, the amount and size of the PM areas gradually increased from the bond coat interface to the top layer, paralleling the increase in nanostructured feedstock content in the deposited mixture. There was thus no distinct interface between any two adjacent layers, indicating an appropriately graded structure. In the G2 coating, the amount and size of the PM areas decreased from the bond coat interface to the top layer surface as the Journal of Thermal Spray Technology nanostructured feedstock content decreased in the same direction. Unlike the M1 and M2 coatings, the G1 and G2 coatings displayed a gradual change in microstructural characteristics, as PM areas could be observed to a greater or lesser extent throughout the coating cross-sections. Consequently, the G1 and G2 coatings exhibited greater microstructural homogeneity than the M1 and M2 coatings. Coating phase composition was determined by x-ray diffraction. Overall, the XRD patterns of the layers obtained from both the conventional and the nanostructured feedstock identical in the M1 and M2 coatings, regardless of layer position. Figure 8 shows the XRD patterns corresponding to the top layer of the M1 coating (deposited from nanostructured feedstock) and the top layer of the M2 coating (deposited from conventional feedstock). For comparative purposes, Fig. 8 also shows the XRD patterns of both feedstocks.
The figure shows that both layers retained the crystalline composition (mainly tetragonal YSZ) of the feedstock powders, as reported elsewhere (Ref 18, 19) . Furthermore, the as-sprayed conventional layer (top layer in the M2 coating) hardly contained any monoclinic zirconia despite the presence of this phase in the corresponding feedstock. These results evidence the good melting of the YSZ powders. The disappearance of the monoclinic phase is thought to result from the subsequent high quenching rate following coating deposition. Finally, the XRD patterns of the top layers of the G1 coating (obtained from 100% nanostructured feedstock) and the G2 coating (obtained from 100% conventional feedstock) closely resembled the XRD diffractograms of the corresponding layers in the M1 and M2 coatings. c and d, respectively) . The average hardness of the layers in the M1 and M2 coatings, obtained from the conventional and the nanostructured feedstock, was calculated for comparative purposes. Average hardness was 4.5 ± 0.7 and 2.2 ± 0.5 GPa for the conventional and for the nanostructured layer, respectively. According to the literature, the lower hardness of coatings obtained from nanostructured feedstock is related to the higher porosity of these coatings, as well as to the presence of the mechanically weak nanozones that characterize these coatings (Ref 20, 21) . In addition, the high standard deviation of the hardness data in this last coating stemmed from the higher heterogeneity associated with microstructures containing these nanozones. The influence of nanozones on coating hardness was also reported by Lima et al. (Ref 22) . These authors predicted that hardness would be lower in regions where there was a preferable concentration of partially melted areas. The porous nanograin agglomeration containing these PM regions was also argued as the reason for the lower hardness in these partially melted areas. Despite this difference in hardness, the literature also indicates that the bimodal structure associated with nanostructured coatings can enhance other mechanical properties, such as toughness and wear resistance (Ref 4) .
Hardness Measurements
With regard to coatings M1 and M2, Fig. 9 (a) and (b) shows that, as expected from the porosity and amount of partially melted areas present in the two reference single- layer coatings (see Fig. 5 ), hardness changed markedly across the coating thickness. Hardness thus decreased dramatically on passing from the layer obtained from the conventional powder to that obtained from the nanostructured feedstock. This was because the layers making up the double-layered composites largely preserved their microstructure and, hence, hardness values of the corresponding single-layer coatings. In addition, the M1 coating top layer (obtained from the nanostructured feedstock) exhibited exceptionally low hardness, owing to its poor microstructural homogeneity, as set out in the previous section (Fig. 6 ). The preservation of the microstructural In contrast, in the graded coatings, assuming that the variation in porosity and amount of partially melted areas followed the gradual variation of the composite layers, a corresponding gradual variation in hardness might be expected. The variation of G1 and G2 coating hardness with thickness is plotted in Fig. 9(c) and (d) , respectively.
Note that, in these figures, 0 lm refers to the bond coat interface and 150 lm to the top coat surface. As may be observed, these coatings exhibited a gradual change in hardness, with no steep interface. The increase in hardness paralleled the increasing conventional feedstock content in the deposited mixtures, i.e., from top layer to bottom layer in the G1 coating and in the opposite direction in the G2 coating. These results match the variation observed in the microstructural characteristics illustrated in Fig. 7 . To confirm the effect of feedstock composition on coating hardness, hardness data of coatings G1 and G2 were plotted against the nanostructured feedstock content of the deposited mixtures in Fig. 10(a) and (b) , respectively. To determine whether the variation in hardness obeyed a mixture law, considering the average measured hardness values of the reference single-layer coatings obtained from the conventional and the nanostructured feedstock as set out above, the following equation was used:
where HV(n) is the hardness as a function of the nanostructured feedstock mass fraction, HV n and HV c represent the hardness of the coatings obtained from the nanostructured and conventional feedstocks, respectively (as set out above), and n is the nanostructured feedstock mass fraction. Figure 10 shows the plot of the variation in hardness of the graded coatings, according to this mixture law. The plot displays a straight trend line, indicating that the variation in hardness practically followed a simple mixture law (linear variation), again confirming the little interaction between the feedstocks of the deposited mixtures.
To better explain the physical reasons for this behavior, in addition to the above variation in hardness of the G1 and G2 coatings versus the nanostructured feedstock content in the deposited mixtures, the estimated variation in porosity and amount of partially melted areas in these coatings with the nanostructured feedstock content have also been plotted in Fig. 10 . This estimate was made on the basis of the measured values of porosity and amount of partially melted areas in the single-layer coatings shown in Fig. 5 . Note that this estimate relied on the little interaction observed between the layers during the deposition of the G1 and G2 coatings, as set out above. As may be observed, the plots in Fig. 10 confirm that the gradual variation in hardness of the G1 and G2 coatings stemmed mainly from the gradual variation of the two influencing variables, namely porosity and amount of partially melted areas, as long as the microstructure of the successive feedstock layer made up of the mixture of the studied conventional and nanostructured feedstocks was largely preserved. However, the relative contribution of these two variables (porosity and amount of partially melted areas) to the hardness of the layers making up the composite coatings needs to be determined by further measurements.
Similar findings single-layer coatings obtained from nanostructured feedstocks were previously reported (Ref 22) . In that research, coating microhardness could be predicted on the basis of the amount of melted and partially melted areas in the coating layer. However, for that calculation, the amount of these two types of areas needed to be previously determined, which made predicting microhardness more difficult.
Finally, although not determined in this study, the elastic modulus may be expected to follow the same trend as that exhibited by hardness in the G1 and G2 coatings, on the basis of previously reported data (Ref 20, 23, 24) . Further research is now in progress to complete the mechanical and thermal characterization of these graded coatings. The results obtained in this study represent an interesting starting point for designing new nanostructured feedstock-based coatings in which mechanical and presumably thermal properties can be graded from the bond coat interface to the top coat surface. Coatings could thus be tailored with variable nanozone contents, increasing from the bond coat to the surface, to provide better thermomechanical performance at the surface while keeping the adherence and residual stresses at the bond coat interface as a result of the prevalent conventional feedstock coating in the bottom layer (Ref 13) . No less importantly, graded nanozone development could widen the relatively narrow processing window of plasma spray conditions that usually characterizes the production of these bimodal plasma spray coatings as recognized elsewhere (Ref 3-5 ).
Conclusions
Four different composite coatings were obtained by combining a conventional (microstructured) and a nanostructured feedstock having the same YSZ composition. Two double-layer (multilayer) YSZ coatings were thus prepared by depositing the microstructured feedstock on the nanostructured layer and vice versa. On the other hand, two coatings were prepared with different particle size gradients (graded coatings) by depositing various mixtures of the micro-and the nanostructured feedstock in alternate layers. All coatings were microstructurally and mechanically characterized and compared with two singlelayer coatings used as references, obtained using the micro-and the nanostructured feedstock, respectively. Fig. 9 Hardness values of the constituent layers in the M1 and M2 coatings (a and b, respectively) and variation of hardness with coating thickness of the G1 and G2 coatings (c and d, respectively). Note that 0 lm refers to the bond coat interface and 150 lm refers to the top coat surface Fig. 10 Comparison of the variation of the measured hardness with nanostructured feedstock content in the deposited mixtures in coatings G1 and G2 (a and b, respectively) and estimate of the variation in porosity and amount of partially melted areas in these same coatings (the fit of the experimental points displayed a straight trend line)
The multilayer coating microstructure exhibited two clearly distinct areas, defined by the amount of partially melted areas (PM areas), which were in turn directly related to the layer deposited using the nanostructured feedstock. The PM areas were thus exclusively concentrated in the layer obtained from the nanostructured feedstock. This caused a marked change in hardness across the coating thickness, as the layers in these composites largely preserved the hardness of the corresponding reference single-layer coating.
In the graded coatings, the amount and size of the PM areas gradually varied from the bond coat interface to the top layer, paralleling the variation in nanostructured feedstock content in the deposited mixture. There was no distinct interface between any two adjacent layers, and a gradual change in hardness was observed. The variation in hardness fitted a simple mixture law (linear variation), confirming an appropriately graded structure as well as little interaction between the feedstocks in the deposited mixtures.
The results obtained in this study can contribute to the groundwork for the design of new nanostructured feedstock-based coatings in which the mechanical and thermal properties can be gradually changed across the coating thickness by using feedstock having the same composition but different particle sizes.
